Kinesin1 is a motor protein that uses the energy from ATP hydrolysis to move intracellular cargoes along microtubules. It contains 2 identical motor domains, or heads, that coordinate their mechano-chemical cycles to move processively along microtubules. The molecular mechanism of coordination between head domains remains unclear, partly because of the lack of structural information on critical intermediates of the kinesin1 mechano-chemical cycle. A point of controversy has been whether before ATP binding, in the so called ATP-waiting state, 1 or 2 motor domains are bound to the microtubule. To address this issue, here we use ensemble and single molecule fluorescence polarization microscopy (FPM) to determine the mobility and orientation of the kinesin1 heads at different ATP concentrations and in heterodimeric constructs with microtubule binding impaired in 1 head. We found evidence for a mobile head during the ATP-waiting state. We incorporate our results into a model for kinesin translocation that accounts well for many reported experimental results.
K
inesin1 is a motor protein that uses the energy of ATP hydrolysis to generate force and movement along microtubules (1) . It contains 2 identical motor domains or heads where microtubule binding and ATP hydrolysis occur. It takes 8-nm steps between binding sites along the microtubule (2), hydrolyzing 1 ATP molecule per step (3) (4) (5) . A stepping event is thought to occur when ATP binds to one of the heads inducing a disorder-to-order transition (docking) of a region called the neck linker, a short segment of Ϸ15 residues located at the C-terminal end of each head (6) (7) (8) . Kinesin1 is a processive motor that can walk for more than an micrometer, going through hundreds of ATP hydrolysis cycles without dissociating from the microtubule (9) . Processivity is achieved by an asymmetric hand-over-hand walking mechanism, in which the 2 heads coordinate their activities to alternate leading and trailing positions at each step (10) (11) (12) (13) .
The molecular mechanism of coordination between kinesin1 motor domains is still unclear. Kinetic studies have identified ADP release and nucleotide binding as one of the coordinating steps. In solution, kinesin1 binds ADP tightly and interaction with the microtubule results in rapid release of 1 ADP molecule per kinesin head dimer. The second ADP molecule is released much more slowly, unless there is ATP present (or a nonhydrolysable ATP analogue) that accelerates the release of the second ADP molecule (14) (15) (16) . This phenomenon constitutes a coordinating step or gate, as 1 kinesin head has to wait for the partner head to complete a particular step (ATP binding) to proceed (17) . Several possible models have been proposed to explain this coordinating gate (18) . One model proposes that in the ATPwaiting state the ADP containing head is kept away from the microtubule by interactions with the microtubule-bound head (19) . Another model proposes that both motor domains can bind to the microtubule simultaneously but display distinct kinetics because the neck-linker elements connecting both heads are oppositely oriented (20, 21) . To distinguish between these models, structural information of the configuration of the 2 kinesin1 heads is needed. FPM provided evidence that at saturating ATP both motor domains spend most of the time bound to the microtubule (20) , but it is not clear whether this configuration is also maintained at limiting concentrations of ATP when the molecule spends most of the time in the ATPwaiting state. Recent single molecule fluorescence resonance energy transfer (FRET) measurements have provided evidence for a one-head-only microtubule-bound intermediate in the ATP-waiting state (21) . However, distance FRET measurements alone cannot distinguish whether the microtubuleunbound (tethered) head is kept away from the microtubule in a stable configuration or whether it is free to move by diffusion around the tether point. To address this issue we use fluorescence polarization microscopy (FPM) of ensemble and single molecules to determine the mobility and orientation of the kinesin1 heads when 1 head is unable to bind to the microtubule and during processive walking at limiting ATP concentrations. Our results indicate that in the ATP-waiting state 1 motor domain is mobile, and we found no evidence for a stable configuration different from the microtubule-bound one.
Results

The Tethered Motor Domain Does Not Have A Preferred Orientation.
To investigate the configuration of the kinesin motor domains when 1 head is microtubule bound and the other is unbound (tethered), we used heterodimeric kinesin1 constructs (22) with 1 head unable to bind the microtubule. One of the heads contains the triple mutation Y274A, R278A, and K281A in loop-12 (L12), which severely reduces microtubule binding in all nucleotide conditions (23) . For site-specific labeling, all exposed cysteines were replaced by alanines or serines (cys-light). The constructs used are based on similar ones used recently to investigate the distances between motor domains using FRET (21) . For FPM, we labeled the construct with the bifunctional probe BSR (Methods) at unique cysteines located at residues 64 and 71 (residues numbered according to KIF5B sequence) of either of the 2 motor domains (with or without L12 mutation). We named the 2 heterodimeric constructs created as wtBSR/L12 and L12BSR/wt to indicate respectively whether the BSR probe is in the unmodified (wt) or the mutated L12 motor domain (Fig. 1A) . wtBSR/L12 reports on the configuration of the microtubulebound motor domain, and L12BSR/wt reports on the tethered one. We also created a BSR-labeled homodimeric version of the constructs, without the L12 triple mutation, and named it wtBSR/wt. When the BSR labeled head is strongly bound to the microtubule, we would expect the BSR transition dipole probe to be oriented nearly parallel to the microtubule axis (Fig. 1B) .
Ensemble FPM data with the 3 labeled constructs was obtained in the absence of nucleotides (NN) or in the presence of the nonhydrolysable ATP analogue, AMP-PNP. Both conditions induce strong binding of kinesin to microtubules (24) . The results are summarized in Fig. 2 and supporting information (SI) Fig.  S1 . When the probe is in the kinesin head with normal microtubule binding ability, a decorated microtubule has strong fluorescence anisotropy (Fig. S1 A) . The microtubule becomes brighter when the excitation light is parallel to the microtubule axis as expected from the orientation of the probe relative to the microtubule (Fig. 1B) . By measuring the difference in intensities, depending on the polarization direction, we estimated the LD 0 parameter for each experimental condition (Fig. S1 ). The LD 0 is sensitive to the axial orientation of the fluorophore relative to the microtubule long axis (␤-angle) and the amount of deviation (disorder or mobility) from the average ␤-angle. Extreme possible values are 1 and Ϫ1 indicating, respectively nonmobile probes completely perpendicular (␤ ϭ 90°) or parallel (␤ ϭ 0) to the microtubule axis. An LD 0 value of zero corresponds to randomly oriented probes or probes oriented relative to the microtubule with ␤ ϭ 54.7° (25) . The LD 0 values for the construct wtBSR/L12 are negative and close to Ϫ1, indicating that the probes are well ordered and nearly parallel to the microtubule axis, as expected when a kinesin head is strongly bound to the microtubule (Fig. 1B) . The values in the presence of AMP-PNP are slightly closer to Ϫ1, suggesting even less mobility in this condition. The LD 0 values for the wtBSR/L12 and the wtBSR/wt constructs are very similar, indicating that both kinesin heads (leading or trailing) in the wtBSR/wt construct have a configuration similar to the microtubule-bound head of the wtBSR/L12 construct. This result is similar to the one reported in previous work which compared monomeric and dimeric constructs and reinforces the conclusion that in the AMP-PNP and non-nucleotide states, both kinesin1 heads are microtubule bound (20) . In contrast to the constructs discussed above, the construct L12BSR/wt has LD 0 values close to zero in both nucleotide conditions, indicating that when the kinesin head is prevented from binding to the microtubule, it remains mobile. To distinguish the contributions of mobility and orientation, we analyzed single molecule FPM data ( Fig. 3 and Table  1 ). Examples of single molecule kymographs and intensity records are shown in Fig. 3 A and B, respectively. From the measured fluorescence anisotropies, we calculated for each molecule an order r-factor and the projected angle (PA) relative to the microtubule axis. Low r-factor values, closer to zero, indicate high mobility, whereas high r-factor values closer to 1 indicate order (25) . To a first approximation, the peak of the PA distribution is close to the axial angle (␤) between the probe dipole and the microtubule axis (7, 20) . Fig. 3 C and D shows, respectively the r-factor and PA frequency distributions derived from many individual single-molecule measurements in each experimental condition. The distributions corresponding to the wtBSR/L12 construct (red lines) are strongly skewed toward high r-factors and PA angles closer 0 (peak at Ϸ15°), as expected from the configuration of the kinesin1 head when strongly bound to the microtubule (Fig. 1B) . In contrast, the distributions corresponding to the L12BSR/wt construct (blue lines in Fig. 3 C and D) are skewed toward low r-factors and have no preferential PA angle, indicating a high degree of mobility. Thus, the ensemble and single molecule data show that a tethered kinesin head has no preferential orientation and is very mobile.
Nucleotide Binding Alters the Configuration of the Tethered Motor
Domain. We detected small differences in the FPM data of the L12BSR/wt construct depending on the presence nucleotide. The difference is most evident in the ensemble FPM data where the measurements of higher fluorescence intensities and ensemble averaging results in higher signal to noise. The LD 0 in the NN condition is slightly positive (0.05) and goes slightly negative (Ϫ0.06) in the presence of AMP-PNP (Fig. 2) . The difference between these 2 LD 0 values was statistically significant (P Ͻ Ͻ 0.001). The shift to a negative (but close to zero) LD 0 with AMP-PNP suggests that the tethered head, although very mobile, spends some time in a configuration with the probe parallel to the microtubule axis. One possible explanation for this result is that in the presence of AMP-PNP the tethered head binds transiently to the microtubule. Transient interactions with the microtubule in the AMP-PNP state may also result in a different average distance between heads relative to the NN conditions as reported by FRET measurements in a similar kinesin construct (21) .
There Is a Tethered Mobile Motor Domain in the ATP-Waiting State.
We obtained single molecule FPM data from wtBSR/wt constructs walking processively at different concentrations of ATP. If during the ATP-waiting state there is a mobile tethered head, then we would predict an increase in mobility (lower r-factors) as ATP becomes limiting. On the other hand, if both heads are microtubule bound, we would expect no differences in mobility or orientation at saturating or limiting ATP. (Fig. 4C ) and the PA distribution toward 0° (Fig. 4D) . These results indicate that both motor domains are in a configuration with the probes parallel to the microtubule axis as if they both were tightly bound to the microtubule most of the time (20) . At saturating or limiting ATP, the PA distributions are similar within Ϸ10°, indicating no major differences in the average angular orientation of the motor domains (Fig. 4 D and F) . Clear differences were found in the distribution of time averaged r-factors between ATP conditions. The distributions at limiting ATP are shifted toward lower r-factor values relative to the distribution at saturating 1 mM ATP (Fig. 4 C and E) . The r-factor distribution at the lowest ATP concentrations investigated is between the low and high mobility distributions corresponding respectively to the heterodimeric constructs L12BSR/wt and wtBSR/L12 (compare Fig. 4C with Fig. 3C ). These are the expected results, if, at limiting ATP, the kinesin heads alternate between these 2 distinct configurations: a microtubule-bound configuration, similar to the labeled microtubule-bound head in the wtBSR/L12 construct, and a mobile one, similar to the labeled tethered head in the L12BSR/wt construct (see also Fig. S2) .
If the tethered head in the ATP-waiting state is mobile, we would expect that a probe located in 1 motor domain would report alternating high and low mobility during processive waking as the 2 kinesin heads alternate between tethered and bound configurations. Analyses of single molecule r-factor traces over time at the lowest ATP concentrations do show alternating low and high mobility states ( r, order r-factor distribution mean Ϯ SD; PA, projected angle distribution (deg) mean Ϯ SD; Speed, average speed (nm/sec) of walking molecules Ϯ SD; n, number of molecules; nc, number of flow chambers used to collect the data.
parallel to the microtubule axis and the low r-factors periods coincide with variable angles. These 2 conditions are similar to the results with the heterodimeric constructs when the probe was located either in the microtubule-bound head or in the unableto-bind tethered head (compare Fig. 5 B and C with Fig. 3 C and  D) . Therefore, the results with walking kinesins are consistent with a model in which each kinesin head alternates between a nonmobile microtubule bound and a mobile tethered configuration during processive movement at limiting ATP (Fig. 5D) .
The low and high mobility dwell lifetimes inversely correlate with the ATP concentration and the walking speed (Fig. 5D) , strongly suggesting that the low and high mobility transitions are associated with the kinesin stepping mechanism. Furthermore, the average distance traveled per mobility transition (calculated . In E and F, the points represent the distributions mean and the error bars the 95% CI. as the product ϽlifetimeϾ ϫ speed for each molecule) at the lowest ATP concentrations investigated are close to the 8-nm kinesin stepping distance (7.5 Ϯ 1.5 nm at 250 nM [ATP] and 9.9 Ϯ 2.5 nm at 500 nM [ATP], mean Ϯ SD, n ϭ 9 molecules in each case), indicating approximately 1 mobility transition per kinesin step. At ATP concentrations of 1 M and above the measured lifetimes are likely to be overestimated because of missing events caused by the limited time resolution of our set-up. At an average speed of 62 nm/sec (Table 1 ) the kinesin stepping ϽlifetimeϾ would be 160 msec, which is below the 200-msec current time resolution of our FPM system (Methods).
Discussion
We have found evidence for a mobile kinesin1 head during the ATP-waiting state. In this state, 1 head is microtubule-bound, whereas the other is unbound or weakly bound with high mobility. This configuration is in contrast to the ones at saturating ATP, presence of AMP-PNP, or absence of nucleotides, where both heads are in a microtubule-bound configuration most of the time (20, 21) . During the ATP-waiting state, the mobile tethered head containing ADP could transiently interact with the microtubule. This possibility would explain kinetic experiments indicating that microtubule interaction accelerates the rate of ATP resynthesis from ADP in the tethered head (26) .
A model consistent with the FPM results and other data is shown in Fig. 6 . In this model, both kinesin motor domains are tightly bound to the microtubule for most of the cycle, except in the short lived (at saturating ATP) ATP-waiting state. Two alternative configurations of the tethered head in the ATPwaiting state are considered (Top and Bottom inside the square in Fig. 6 ). Our data would be consistent with either one or a combination of both. In one alternative (Top), the tethered head is weakly bound to the microtubule and very mobile as has been previously described for a single motor domain in the presence of ADP (27) . In the second alternative (Bottom), the tethered head is detached from the microtubule and very mobile. The first alternative is consistent with stepping distance measurements using FIONA indicating that each head takes alternate steps of similar size (12) . The second alternative (Bottom) will better fit FRET measurements that indicate a shorter head-to-head distance in the ATP-waiting state relative to the situation when both heads are microtubule bound (21) . A shorter head-to-head distance would be expected when 1 head detaches from the microtubule. If the neck linkers connecting the 2 motor domains behave as entropic springs (28) then their end-to-end distance would become shorter when undocked or not stretched between microtubule-bound motor domains. The reach distance of the tethered head would be determined by the restrictions imposed by the combined length of the neck linkers connecting the 2 heads. Exit from the ATP-waiting state would occur when ATP binds to the forward head, inducing neck linker docking (6) (7) (8) . With a docked neck linker in the bound head, the tethered head could more easily reach and bind the next site on the microtubule. ADP is then released from the tethered head when it binds in the forward position. At this point, the kinesin molecule completes an 8-nm step.
In the above model, coordination between the 2 heads depends on the arrangement of kinesin binding sites on the microtubule lattice. Strain between the motor domains or the distinct orientation of the neck linkers on each motor domain provokes an asymmetry (20, 21, (29) (30) (31) so that ADP is released from the tethered head when it binds to the microtubule in the forward position but not in the trailing one. An alternative model for the ADP release gate, independent of the microtubule lattice, has been proposed based on the observation that the gate and tubulin binding can operate in the presence of free tubulin (19) . In this model the tethered head is prevented from tubulin binding by occluding its binding site through interactions with the other head. This model is harder to reconcile with our data. We found no evidence for a stable configuration of the tethered head, and a mobile head is likely to expose its tubulin binding site. Whether the tethered head is refractive to free tubulin binding by a mechanism other than hiding its binding site will require further investigation.
Materials and Methods
Protein Constructs. Kinesin constructs based on the human ubiquitous kinesin1 (Kif5b) sequence were prepared from DNA plasmids generously provided by M. Tomishige (University of Tokyo, Tokyo, Japan) and R. Vale (University of California, San Francisco, CA). The constructs contain Kif5b residues 1-490 with exposed cysteines replaced by alanines or serines (cys-light). Heterodimers were prepared by using a coexpression vector containing 2 kinesin sequences: one with a carboxy-terminal streptavidin tag (Strep-tag; 9 residues, AWRHPQFGG) and the other with a His 6 tag. DNA cloning was done according to ref. 8 . The kinesin sequence with the His 6 also contained the triple mutation Y274A/R278A/K281A in L12 that inhibits microtubule binding (23) . We also prepared a plasmid containing only the Strep-tagged kinesin sequence to make homodimers. Two unique cysteines were introduced at positions 64 and 71 of either of the 2 kinesin sequences for site-specific labeling with a bifunctional fluorescent probe.
Protein Purification and Labeling. Kinesin protein constructs were expressed in BL21 cells. The heterodimeric constructs were purified from lysates first by (14) . The dimer then enters the ATP-waiting state with 1 mobile tethered head with ADP still bound to it. In this model, the nucleotidefree head is the leading one according to data indicating that nucleotide dissociation preferentially occurs in the forward-positioned head (29) . Two possible configurations for the ATP-waiting state, consistent with our FPM data are shown. In the (Top) image, the tethered head is very mobile but remains weakly bound to the microtubule. In the (Bottom) image, the tethered head is detached from the microtubule. ATP binding to the microtubulebound head docks its neck linker (6 -8) , allowing the tethered mobile head to reach the next microtubule binding site. At saturating ATP, the ATP-waiting state would be short lived relative to the whole cycle, and the 2 heads would be tightly bound to the microtubule most of the time (20) . A full 8-nm step is completed between the start and end of the ATP-waiting state. For further discussion, see also Discussion section.
nickel-nitrilotriacetic acid chromatography and then by Strep-Tactin (streptavidin mutant) affinity purification according to ref. 8 . Purified kinesin constructs were labeled overnight with the bifunctional probe BSR according to refs. 7, 20. The heterodimeric constructs have only 1 pair of cysteines to be labeled with BSR in 1 of the heads. In the case of the homodimeric constructs, we estimated from the ratio of labeled to unlabeled protein and from single molecule fluorescence intensity records that Ϸ87% of the labeled protein has the probe in only 1 head. The presence of the BSR probe cross-linking the 2 unique cysteines 64 -71 in the proteins was verified by mass spectrometry. Protein preparations with Ͼ10% intermolecular cross-linked protein (as judged from SDS/PAGE) were further purified by gel filtration. According to cryo-em models of the kinesin-microtubule complex (36) the predicted axial angle between residues 64 -71 ␤-carbons and the microtubule axis is 13°.
Sample Preparation. Positively charged coverslips with DETA were prepared according to ref. 32 . Flow chambers were assembled by joining a DETA-treated coverslip and a nontreated coverslip using double stick tape. Microtubules were stuck to the flow chamber by flowing-in a solution with polymerized tubulin (10 g/ml tubulin, 80 mM Pipes, 1 mM EGTA, 2 mM MgCl2, 20 M placitaxel, pH 6.8) and incubating for 5 min. Then solution A (7.5 mg/ml BSA, 2 mM MgCl 2, 1 mM EGTA, 20 M placitaxel, 12 mM Pipes, pH 6.8) plus an ATP regeneration system (2 mM PEP, 0.1 mg/ml Piruvate kinase, Sigma Type III) (33) , an anti-bleaching system (2.5 mM protocatechuic acid (PCA), 10 nM protocatechuate-3,4-dioxygenase (PCD), 1 mM Trolox) (34) , and the appropriate experimental nucleotide (5 units ml Ϫ1 apyrase and no added nucleotides or 2 mM AMP-PNP, or 1 mM Ϫ250 nM ATP) was flowed through the chamber. Then a solution containing the kinesin construct to be tested (in buffer A, supplemented with the regeneration, antibleaching and appropriate nucleotide) was introduced. Typical concentrations of kinesin protein used in the experiments were Ϸ10 nM for ensemble polarization measurements and Ϸ0.1 nM for the single molecule ones. The flow chamber was then placed in a custommodified microscope for fluorescence polarization observation and data recording (25) .
Fluorescent Polarization Microscopy.
Microtubules decorated with the BSRlabeled kinesin constructs were imaged by wide field epifluorescence in a custom set-up for fluorescence polarization microscopy (25) . The laser light excitation ( ϭ 532 nm) linear polarization was modulated in 4 different directions (0°, 45°90°and 135°) relative to the microscope stage in sync with image acquisition. Images were acquired at a 25 msec/frame rate. Some ensemble polarization data were collected at 100 msec/frame. Ensemble FPM LD 0 values were estimated as explained in Fig. S1 . The order r-factor of single fluorophores and projected angle were calculated as in refs. 20, 25. Time averaged r-factor and projected angles per molecule (Figs. 3 and 4) were calculated by averaging the intensities in all of the frames during the molecule observation time (4 fluorescence intensity averages corresponding to each of the 4 excitation polarization directions). The time-resolved r-factor and projected angle distributions (Fig. 5 B and C) were built using the individual r-factors and projected angles calculated at each 25-msec interval. Timeresolved r-factor traces were obtained by calculating the r-factor using the intensities of 4 contiguous frames. In the time traces (Fig. 5 and Fig. S3) , we calculate an r-factor and projected angle every 25 msec using the intensity values obtained from the current frame and the following 3 (4 polarization excitation directions). Thus, the actual time required to calculate 1 data point is 4 ϫ 25 msec ϭ 100 msec (10 Hz). The Nyquist frequency is half the data acquisition frequency (i.e., 5 Hz) corresponding to a time resolution of 200 msec. The velocity of single kinesin molecules moving processively was determined from kymograph slopes. Low and high r-factor transitions were analyzed using a hidden Markov algorithm as implemented in the program QuB (35) . For the analysis, 9 molecules in each experimental condition were chosen based on the shape of the distribution of r-factors. A and B coexisting during the measurement time. This would be the case when a single dipole is alternating between 2 configurations faster than the data acquisition time resolution or when the fluorescence intensities are averaged over the whole molecule recording time (as done for the distributions shown in Fig. 4) . Note that the combined time-averaged distributions (black) are not simple the average of the time resolved distributions (blue and red). The r-factor of the combined distribution has a peak between the two other distributions and is not bimodal. The combined projected angle distribution is skewed toward the less mobile and well defined orientation of case A. The simulation details are: Order r-factor and projected angle distributions were simulated with a custom written computer program. For a given axial angle ␤ and mobility cone angle ⌫, N ϭ 10 6 sets of four fluorescent intensities ISi,k ϭ [I0i,k,I45i,k ,I90i,k,I135i,k] corresponding to each of the four polarization directions of the excitation light were calculated. These sets of intensities were used to calculate N r-factors and projected angles, as done with experimentally measured intensities (Methods). To calculate the N sets of intensities L ϭ 10000 dipole orientations with azimuthal angle i (i ϭ 1-L), uniformly distributed around the microtubule axis (i ϭ 0°-360°) were considered and a set of intensities ISЈi were calculated according to equation A6 from Peterman et al. (ref. 1) . The effect of noise in the estimation of the intensities was modeled using a random number generation function to produce a Gaussian distribution of M ϭ 100 sets of intensities IS i,k (k ϭ 1-M). Distribution Mean ϭ ISЈi and SD ϭ 0.3 ϫ Average of all ISЈi intensities. Increasing SD increases the spread of the resulting r-factor and projected angle distributions. The distributions with random axial angles ␤ (blue lines) were produced using a randomly generated axial angle ␤ between 0°and 90°at each azimuthal orientation i. To simulate the case when a dipole alternates between states A and B (black lines) the corresponding intensities sets calculated at each azimuthal orientation i were averaged to produce an average intensity set. The bin size of the distribution shown are 0.5 r for the r-factors and 1°for the projected angles. 
